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The gut of insects is a productive environment for discovering undescribed species of
yeasts, and the gut of wood-feeding insects of several families is especially rich in yeasts
that carry out the fermentation of cellobiose and xylose. Passalid beetles (Passalidae,
Coleoptera) live in dead wood that they ingest as their primary food source. We report the
isolation, molecular identification and physiological characterization of 771 yeast cultures
isolated from the gut of 16 species of passalids collected in nine localities in Guatemala.
Ascomycete yeasts were present in the gut of every passalid studied, and the xylose-
fermenting (X-F) yeasts Scheffersomyces shehatae and Scheffersomyces stipitis were the most
abundant taxa isolated. The gut of the beetles also contained undescribed cellobiose-
fermenting and X-F species in the Lodderomyces, Scheffersomyces and Spathaspora, and
undescribed species in Sugiyamaella clades as well as rare yeast species in the Phaffomyces
and Spencermartinsiella clades. Basidiomycete yeasts in the genera Cryptococcus and Tricho-
sporon were also common. The yeast species richness was influenced by the host species
and the substrate, and gut-inhabiting yeasts have the ability to survive the differing
physiological conditions of several gut compartments.
ª 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.Introduction feeding beetles have been discovered after extensive samplingYeast isolations fromthegutof insectshave led todiscoveryof a
large number of new species of yeasts (Suh et al., 2003, 2004a,
2005a, 2006; Suh and Blackwell, 2005, 2006; Berkov et al., 2007;
Rivera et al., 2009; Grunwald et al., 2010; Houseknecht et al.,
2011; Calderon and Berkov, 2012; Urbina et al., 2013). Despite
these efforts the diversity of gut-inhabiting yeasts remains
understudied. Suh et al. (2005a) suggested that only 50 % of the
gut-inhabiting yeasts from certain Panamanian mushroom-34; fax: þ1 (225) 578 2597
Urbina).
Elsevier Ltd. Open access undfrom more than 20 insect families. The new yeasts are impor-
tant because they fill taxon-sampling gaps, help to understand
the phylogenic relationships among members of Saccha-
romycotina, and synthesize enzymes, vitamins and other
products that could be useful in biotechnological processes.
Recent rising fuel costs have stimulated the search for new
yeasts capable of fermenting cellobiose and D-xylose, which
can be used in the production of bioethanol. Many of the yeasts
discovered were isolated from soil, plant tissues and the gut.
er CC BY-NC-ND license.
340 H. Urbina et al.of wood-feeding beetles (e.g. Cerambycidae, Curculionidae,
Lucanidae, Passalidae) (Suh et al., 2003, 2005a; Zhang et al.,
2003; Suh and Blackwell, 2004; Berkov et al., 2007; Cadete
et al., 2009; Tanahashi et al., 2010; Santos et al., 2011;
Calderon and Berkov, 2012). In general the characterization of
yeasts associated with the gut of lignicolous insects confirmed
the consistent association between xylose-fermenting (X-F)
yeasts and insects.
Passalid beetles (Passalidae, Coleoptera) mostly feed on rot-
ting wood and spend most of their lives inside rotting logs
(Reyes-Castillo, 1970; Boucher, 2005; Schuster, 2006). The beetle
family comprises approximately 960 species, and in the most
recent taxonomic reclassification of the family, besides their
distribution, externalmorphological charactersandbiology, the
macro-morphology of the anterior hindgut is another character
proposed to distinguish the five subfamilies in Passalidae
(Fonseca et al., 2011). The subfamiliesPassalinaeandProculinae
are distributed exclusively in the New World, while Aulacocy-
clinae, Macrolininae and Solenocyclinae occur in Asia, Africa
and Australia (Boucher, 2005; Fonseca et al., 2011).
The majority of passalids exhibit subsocial behavior that
includes parental care by the feeding of a mixture of digested
wood and feces to larvae and juveniles. Adults also envelop
the larvae at the time of metamorphosis to pupae with a
covering of frass and pre-digested wood, the pupal chamber,
that becomes the first meal for juveniles as they emerge
(Reyes-Castillo, 1970; Tallamy andWood, 1986). Such behavior
suggests that horizontal transfer of microbes is required for
the complete metamorphosis from larvae to adults, and
apparently larvae cannot survive when fed only sterilized
pulverized rotten wood (Pearse et al., 1936; Reyes-Castillo,
1970; Nardi et al., 2006; Berkov et al., 2007; Rao et al., 2007).
These findings emphasize the important role of the passalid
gut microbiota in the digestion of the substrate in wood-
feeding insects.
The biology, ecology and physiology of passalids are best
studied for Odontotaenius disjunctus, a common species in the
southeastern United States (Pearse et al., 1936; Roberts, 1952;
Bryan, 1954; Hiznay and Krause, 1955; Ferguson and Land,
1961; Robertson, 1962; Collings, 1966; Burnett et al., 1969;
Ward, 1971; Delfinado and Baker, 1975; Dismukes and Mason,
1975; Schuster, 1975; Gibson, 1977; Rains and Dimock, 1978;
Buchler et al., 1981; Mason et al., 1983; Tafuri and Tafuri,
1983; Wit et al., 1984; Sawvel et al., 1992; MacGown and
MacGown, 1996; King and Fashing, 2007; Punzo, 2007; Jackson
et al., 2009; Wicknick and Miskelly, 2009). Nardi et al. (2006)
characterized the morphological and cellular transformations
of the hindgut region of the digestive system from larva to adult
of O. disjunctus, and described the physical distribution and
arrangement of the microbiota in the gut compartments.
The digestive system of an adult O. disjunctus is often over
10 cm long and a complex organ, at least twice as long as the
length of an individual. The three regions of the gut (foregut,
midgut and hindgut) are conspicuously differentiated and, in
addition, the hindgut has readily distinguishable anterior and
posterior compartments (Nardi et al., 2006). The gut regions
also differ in their physiological conditions of O2, CO2 and pH
(Ceja-Navarro et al., 2013). Another structure, a conspicuous
diverticulum, is present at the anterior end of the hindgut. In
addition to bacteria and yeasts, trichomycetes, amoebae,nematodes, flagellated protists and filamentous fungi may be
present in the gut of O. disjunctus. Most notable, a variety of
bacteria attach to form conspicuous surface films in the
anterior hindgut, while filamentous yeasts almost exclusively
colonize the posterior hindgut attached by a holdfast (Suh
et al., 2003; Nardi et al., 2006; Ceja-Navarro et al., 2013).
The ascomycete yeasts inhabiting the gut of O. disjunctus
have been characterized by molecular and physiological
means. Previous studies have confirmed the predominant and
consistent presence of the X-F yeast Scheffersomyces stipitis and
other less abundant X-F yeasts including Scheffersomyces she-
hatae, Candida maltosa (Lodderomyces clade) (Suh et al., 2008) and
the cellobiose-fermenting (C-F) yeast Scheffersomyces ergatensis
(Suh et al., 2003; Zhang et al., 2003; Nardi et al., 2006). The X-F
yeasts Spathaspora passalidarum and Candida jeffriesii (Spathas-
pora clade) (Nguyen et al., 2006), the trehalose-fermenting yeast
Kazachstania intestinalis (Suh and Zhou, 2011), the D-xylose-
assimilating yeast Sugiyamaella bullrunensis (Houseknecht et al.,
2011) and the basidiomycete yeast Trichosporon xylopini (Gujjari
et al., 2011) were all first described in association with O. dis-
junctus.The gut of this single passalid species has been a source
for isolation of at least nine previously unknown ascomycete
and basidiomycete yeasts that exhibit the ability to utilize
several wood components.
Only a few studies have characterized yeasts from the gut
of other passalids such as Paxillus leachi, Passalus interstitialis,
Ptichopus angulatus, Verres hageni, Verres sternbergianus and
Veturius platyrhinus, which occur in Panama and Peru. Species
closely related to Candida mycetangii (Wickerhamomyces clade)
and S. stipitis, as well as other yeasts including Candida
parapsilosis (Lodderomyces clade), Candida temnochilae (Yamada-
zyma clade) and the basidiomycete yeast Trichosporon insecto-
rumwere isolated from these beetles (Suh et al., 2003, 2005a,b;
2008; Fuentefria et al., 2008). The diversity of yeasts associated
with the gut of most passalid beetles is, however, poorly
known considering the worldwide distribution of the group.
The principal aim of this study was to expand the knowl-
edge of diversity of ascomycete and basidiomycete yeasts in
the gut of Guatemalan passalids. This aim was achieved
through the isolation, identification and characterization of
771 yeast isolates from the gut of 16 species of passalids col-
lected at nine localities in Guatemala. Our results confirm the
association of passalids and X-F yeasts, including undescribed
species in the Phaffomyces, Scheffersomyces, Spathaspora, Spen-
cermartinsiella and Sugiyamaella clades.Materials and methods
Passalid collection
A total of 47 adult specimens identified as 16 species of pas-
salids in two subfamilies, Passalinae and Proculinae were
collected at nine localities in Guatemala (Fig 1, Tables 1 and 2).
The localities were selected based on the endemic passalid
zones described previously (Schuster, 1991, 1992a,b, 1993,
2002, 2006; Schuster et al., 2000, 2003). Targeted searches in
passalid galleries in rotted logs were effective for collecting
passalid individuals, and only one passalid specimen was
collected at a light trap.
Fig 1 e Collecting sites indicated on map of Guatemala (numbers correspond with numbers of sites in Table 1).
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Five individuals per species per site were selected for dis-
section. Each beetle individual was surface disinfected by
washing in 70 % ethanol (5 min), 5 % bleach (5 min) and sterile
water (10 min) prior to dissection. To carry out gut removal,
each specimenwas placed dorsal side up on a flame-sterilized
glass slide, and sterile forceps were used to remove the elytra
to allow access to the gut (Fig 2).
All dissections were performed the same day or 1 d
following collection; until dissection, beetles were kept
alive in plastic containers with the rotted wood from
which they were collected. All dissected individuals were
preserved immediately in absolute ethanol for identificationTable 1 e Guatemalan collecting sites and passalid endemic zo
Site Locality Department Vegetation typ
1 Carmona Mountain Sacatepequez Tropical forest
2 Purulha Baja Verapaz Cloud forest
3 Puerta Parada Guatemala Secondary fores
4 Cementos El Progreso El Progreso Dry forest
5 Pueblo Nuevo Vi~nas Santa Rosa Secondary fores
6 Miramundo Mountain Escuintla Secondary fores
7 El Trifinio Chiquimula Cloud forest
8 La Union Zacapa Secondary fores
9 San Gil Mountain Izabal Rain forest(Reyes-Castillo, 1970; Schuster, 1975, 1992a,b, 1993; 2002;
Boucher, 2005; Fonseca et al., 2011).
Yeast isolation and culture
The gut of each beetle was dissected into three regions: fore-
gutemidgut (FeM) and anterior (AHG) and posterior hindgut
(PHG) (Fig 2). The FeM regions were maintained as one to pre-
serve the head that containsmorphological characters used for
identification. Each gut region was homogenized separately
usinga sterile plastic pestle in500ml of 0.7%saline solutionwith
0.01 % Tween 80. Next, 100 ml of each homogenized region was
superficially plated onYPDMmedium (0.3% yeast extract, 0.5 %
Bacto peptone, 1 % dextrose, 0.3 % malt extract and 2 % agar)ne classification (PEZC) recognized by Schuster (2006)
e Latitude Longitude Altitude (masl) PEZC
N143202900 W904200400 1 910 4a
N151202700 W901301800 1 950 e
t N143302300 W902704700 1 843 e
N144805200 W901603800 1 080 e
t N141201700 W903002000 1 641 7c
t N14 1303900 W90 2804200 1 308 7b
N142700100 W892302200 1 312 6
t N14 5802600 W89 1704100 1 150 4b
N153805500 W884805200 389 e
Table 2 e Passalid beetles collected in Guatemala. Total number of species (*) and endemic species (D) reported for Guatemala were obtained form Schuster (2006)
Collecting sites
Host Carnoma
Mountain (1)
Purulha
(2)
Puerta
Parada (3)
Cementos El
Progreso (4)
Pueblo Nuevo
Vi~nas (5)
Miramundo
Mountain (6)
El Tifrinio
(7)
La Union
(8)
San Gil
Mountain
(9)
Number of
individuals
dissected
Occurrence of
species per
site
Subfamily Passalinae (4 species collected)
Passalus sp. 1 1 1
Passalus interstitialis 1 1 1
Passalus punctatostriatus 3 3 6 2
Passalus punctiger 2 2 1
Subfamily Proculinae (12 species collected)
Arrox agassizi 1 1 1
Chondrocephalus debilis 1 1 1 3 3
Chondrocephalus purulensis 1 1 1 3 3
Chondrocephalus sp. 1 1 1
Ogyges championi D 4 4 1
Ogyges hondurensis D 2 2 1
Ogyges laevissimus D 1 1 1
Oileus sargi 2 1 3 1 1 8 5
Popilius eclipticus 3 3 2
Proculus mnizechii 1 1 1
Vindex sp. 4 4 1
Xylopassaloides chortii D 1 1 1
Total individuals collected
per site
4 6 1 5 8 4 6 3 5 42 e
Total passalid species
collected per site
3 3 1 3 5 2 2 3 2 e 24
Total passalids reported* 6 12 2 13 7 2 12 10 6 e 75
The passalid subfamilies are in bold.
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Fig 2 e Gut dissection of the passalids Proculus mnizechi (above) and Chondrocephalus purulensis (below); bar [ 1 cm.
Gut-inhabiting yeasts from Guatemalan beetles 343supplemented with 0.05 % calcium carbonate, vitamins and
salts (Yarrow, 1998).
The YPDM medium was acidified with 0.6 ml of con-
centrated HCl l1 and 0.35 mg l1 chloramphenicol was added
to reduce bacterial growth as was previously described
(Urbina et al., 2013). After 3 d of incubation at room temper-
ature, 12 yeast colonies per gut region were selected, resulting
in 36 yeast strains per individual beetle whenever possible.
The following data from the 771 yeast strains was docu-
mented: collecting date (year, month and day), site (1e9, as
numbered in Table 1), log sample (consecutive numbers given
on each collecting day), beetle individual (consecutive num-
bers given on each collecting log), gut region from which each
yeast strain was isolated (FeM ¼ 1, AHG ¼ 2 and PHG ¼ 3) and
yeast isolate (consecutive numbers given to each colony).
Cultures are stored in 15 % glycerol at80 C at (The Louisiana
State University Museum of Natural Sciences, Department of
Biological Sciences, Louisiana State University, Baton Rouge,
Louisiana, United States) and at Micoteca Ruben Mayorga
Peralta e MICG (Departamento de Microbiologıa, Escuela de
Quımica Biologica, Facultad de Ciencias Quımicas y Farmacia,
Universidad de San Carlos de Guatemala, Guatemala City,
Guatemala).
Other yeast culture techniques and physiological charac-
terizations were carried out following the methods of Yarrow
(1998), Barnett et al. (2000) and Kurtzman et al. (2011).
Molecular studies
Genomic DNA was extracted using a Wizard Genomic
DNA purification kit (Promega). The concentration,integrity and purity of total extracted DNA were verified
by gel electrophoresis in 0.8 % agarose in 0.5 
TriseBorateeEDTA (TBE) buffer. Rapid molecular identi-
fication was performed by PCR amplification of the D1/D2
region of the large subunit (LSU) of the rRNA gene (rDNA)
(w600 bp) (Kurtzman and Robnett, 1998; Kurtzman and
Suzuki, 2010).
PCR amplifications of the internal transcribed spacers 1
and 2 (ITS w 600 bp) and the small subunit locus
(SSU w 1.6 Kbp) of the rDNA were carried out in addition
to the LSU locus to increase the robustness of the phyloge-
netic analyses and the accuracy of species identification
(Robbertse et al., 2006; Schoch et al., 2009, 2012). The SSU
was amplified using the combination of primers NS1 (for-
ward) (50-GTAGTCATATGCTTGTCTC-30) and NS8 (reverse)
(50-TCCGCAGGTTCACCTACGGA-30); ITS-LSU loci were
amplified using the combination of primers ITS1 (forward)
(50-TCCGTAGGTGAACCTGCGG-30) and LR3 (reverse) (50-
CCGTGTTTCAAGACGGG-30) in a PCR reaction with 20 mg of
total DNA, 0.5 mM DTPs, 2.5 mM MgSO4, 1  Colorless
GoTaq Flexi Buffer (Promega) and 1 U of Taq polymerase
(Promega) in 25 ml of final volume. The PCR amplification
program included 5 min of DNA pre-denaturing at 95 C,
followed by 35 cycles of 1 min of DNA denaturing at 95 C,
45 s of primer annealing at 55 C and 2 min of extension at
72 C and 10 min of final PCR extension. The purified PCR
products were sequenced in both directions by Beckman
Coulter Genomics (Danvers, MA). Sequences were deposited
in GenBank with the following accession numbers: SSU
(JQ008831JQ008930), ITS (JN831680JN831706) and LSU
(JN804869JN805539).
344 H. Urbina et al.Phylogenetic analyses
Contiguous sequences and sequencing manipulations were
performed in Se-AL v2.01a11 (available at http://tree.bio.ed.ac.
uk/software/seal/) and MESQUITE v2.74 (Maddison and
Maddison, 2005). The sequence alignments were carried out
using the online interface MAFFT v6.859 (http://mafft.cbrc.jp/
alignment/software/) with different advanced alignment
strategies per locus: LSU, global homology (G-INS-i); ITS, one
conserved domain (L-INS-i) and SSU, secondary structure of
RNA (Q-INS-i). ITS loci were realigned using the software SATe
v2.1.2 (Liu et al., 2012) and the ambiguous sequence alignment
ends were eliminated. Maximum likelihood (ML) phylogenetic
inference was performed in RAxML-VI-HPC (Stamatakis, 2006)
using a partitioned multilocus matrix under a general time
reversiblemodel with a gammadistribution of among site rate
variation (GTRGAMMA). Maximum likelihood support was
estimated using 1 000 bootstrap replicates. Tree editing was
done using the software FigTree v1.3.1 (http://tree.bio.ed.ac.
uk/software/figtree/).Statistical analyses
A rarefaction curve was performed with the software Esti-
mateS v8.2.0 (Colwell, 2006) using a presence/absence matrix
by yeast species per individual passalid. We used the non-
parametric species richness index Chao 2 (Chao, 1987) esti-
mator that has been suggested as the most suitable to predict
the number of species in continuing fungal surveys
(Unterseher et al., 2008). The rarefaction curve obtained was
adjusted using theClenchmodel under thenon-linear simplex
and quasi-Newton estimator implemented in the software
STATISTICA v10. (http://www.statsoft.com) recommended by
previous researchers (Soberon and Llorente, 1993; Gotelli and
Colwell, 2001; Jimenez-Valverde and Hortal, 2003).
The following analyses were performed in R v2.15.0
(R Development Core Team, 2005) and only the species of pas-
salids yielding more than 60 yeast strains were included in the
analyses to avoid variation due to small sample size (Table 3).
The KruskaleWallis (H) non-parametric test was used to
determine differences in yeast composition between individu-
als and species of passalids and among gut regions. To inves-
tigatewhichvariablesaffect thedistributionofyeastsacross the
Guatemalan passalids a correlation analysis was performed
between the following variables: yeast species, host data (host
individual, length, width, length/width ratio and subfamily),Table 3 e Gut-inhabiting yeasts from different passalid specie
P. punctatostriatus C. debilis
Number of sampled individuals 6 3
Yeast species richness per host spp. 19 19
Simpson’s diversity index 0.95 0.95
ShannoneWiener index 2.94 2.94
Chao 131.5  127.06 35.90  12.
Jackknife 31.50  7.56 27.67  8.9
Bootstrap 24.14  3.62 23.04  5.0
Sørensen index of dissimilarity 0.80 0.64type of ecosystem (dry, cloud, or wet forest), collecting data
(altitude, longitude, latitude, locality and rotten log). Among the
variables, rotten log, individualpassalidand localitywerehighly
correlatedso logand localitywereomitted for thenextanalyses.
The data-driven model building approach forward selection was
computed with the library packfor (Oksanen et al., 2012) with
alpha ¼ 0.05 and 1 000 permutations using yeast species rich-
ness and variable factors datasets, both arranged by passalid
individual. The diversity indexes were computed using the
library vegan (Oksanen et al., 2012).Results and discussion
Diversity of cellobiose- and xylose-fermenting yeasts among
Guatemalan passalids
The presence of ascomycete yeasts in the gut of Guatemalan
passalids was confirmed in all individuals dissected. The 771
yeast strains isolated corresponded to approximately 78 spe-
cies based on nucleotide differences in the SSU, LSU and ITS
molecular markers and their phylogenetic relatedness. The
most abundant Saccharomycotina lineages among Guatema-
lan passalids were Scheffersomyces and Spathaspora (Debar-
yomycetaceae) (560 isolates, approximately 76.5 %) (Figs 3
and 4). The X-F yeasts S. shehatae (314 isolates, 42.9 %) and S.
stipitis (109 isolates, 14.9 %) were the most common ascomy-
cete yeasts identified. These findings are in agreement with
previous studies, which reported both yeasts as common gut-
inhabitingmicrobes in lignicolous insects (e.g. Suh et al., 2003;
Zhang et al., 2003; Berkov et al., 2007; Grunwald et al., 2010;
Urbina et al., 2013). These findings differed from those of
previous studies because the most common X-F gut yeast
from Guatemalan beetles was S. shehatae instead of S. stipitis
that is abundant in the gut of the USA O. disjunctus with S.
shehatae isolated only occasionally (Meredith Blackwell,
unpublished data). The major changes in the yeast com-
munity composition of passalids might be driven by a number
of factors including plant diversity, geographical distribution,
passalid diversity and climatic conditions.
The X-F yeast S. shehatae previously was described as a
species complex of insect-associated yeasts isolated from
several families of wood-feeding insects and rotted wood col-
lected from the Netherlands, France, Canada, South Africa,
Germany, Chile (http://www.cbs.knaw.nl) and the United
States (http://nrrl.ncaur.usda.gov). Recently, additional speciess
C. purulensis O. sargi Vindex sp. All hosts
4 8 4 25
22 21 21 60
0.95 0.95 0.95 e
3.09 3.04 3.09 e
40 94.25  62.53 63.67  33.24 64.67  33.24 101.29  19.07
7 34.75  9.20 35.00  7.12 34.00  8.03 92.58  9.92
0 27.51  4.40 26.50  3.29 27.26  3.80 74.16  5.12
0.62 0.84 0.67 0.79
Fig 3 e Yeast clades isolated from the gut of Guatemalan passalid beetles. Subfamilies: Passalinae (Passalus) and Proculinae
(Arrox, Chondrocephalus, Ogyges, Oileus, Popilius and Vindex).
Gut-inhabiting yeasts from Guatemalan beetles 345closely related to S. shehatae (Scheffersomyces virginianus, Schef-
fersomyces illinoinensis, Scheffersomyces quercinus and Schefferso-
myces cryptocercus) were discovered based on a multilocus
phylogenetic analysis (Urbina and Blackwell, 2012; Urbina et al.,
2013).
In agreement with several studies, the use of the LSU
marker solely as a barcode is insufficient for the differ-
entiation of all species in the Scheffersomyces clade (Kurtzman,
1990; Kurtzman and Robnett, 2007; Kurtzman and Suzuki,
2010). The newly recommended fungal barcode, the ITS
marker (Schoch et al., 2012), was used to increase the accuracy
of species discrimination among the S. shehatae isolates from
the gut of Guatemalan passalids. Based on the character-
ization and the corresponding ability of most members to
ferment D-xylose, at least eight undescribed species related to
S. shehatae and S. stipitis were discovered in this study.
Urbina and Blackwell (2012) distinguished three subclades
of Scheffersomyces: (1) the S. stipitis subclade, which is com-
posed exclusively of X-F yeasts; (2) the S. ergatensis subclade of
C-F yeasts; and (3) the Scheffersomyces spartinae subclade con-
taining the marine yeast S. spartinae and recently described
Scheffersomyces gosingicus from soil in Taiwan (Chang et al.,
2011). Yeast species and undescribed strains from subclades
S. ergatensis and S. stipitis were recovered from the gut of
Guatemalan passalids, but no members of the S. spartinae
subclade were isolated. These findings indicate that the gut of
Guatemalan passalids is a suitable habitat for yeasts that
ferment the wood components cellobiose and D-xylose.
Several undescribed species in the Spathaspora clade also
were present in the gut of Guatemalan passalids. The Spa-
thaspora clade comprises the X-F yeasts C. jeffriesii, S. passali-
darum and Spathaspora arborariae, previously reported from
the galleries of the passalid beetle O. disjunctus and rotten
wood in Brazil (Nguyen et al., 2006; Barbosa et al., 2009), thexylose-assimilating yeasts Candida insectamans, Candida xyla-
nilytica, Candidamateriae and Candida lyxosophyla, isolated from
wood in Asia, and the human pathogenic yeast Candida sub-
hashii (van der Walt et al., 1972, 1987; Adam et al., 2009;
Barbosa et al., 2009; Cadete et al., 2009; Boonmak et al.,
2011). None of the yeasts previously classified in this clade
was recovered from the gut of Guatemalan passalids and,
therefore, all Spathasporamembers isolated were undescribed
species most closely related to S. passalidarum, C. materiae and
C. jeffriesii (Figs 3 and 4) previously isolated in the Americas.
Some of the undescribed Spathaspora yeasts also had the
ability to ferment cellobiose and D-xylose, characteristics of
some members of this clade (Fig 4).
Some Lodderomyces strains from the gut of Guatemalan
passalids were also recovered (12 isolates, approximately 1.6
%), but, unlike Scheffersomyces or Spathaspora species, they
were not consistently present among the host beetles (Fig 3).
The Lodderomyces clade is a monophyletic group closely rela-
ted to the Spathaspora and Scheffersomyces clades (Fig 4) and it
contains the opportunistic human pathogenic yeasts Candida
albicans, Candida dubliniensis and Candida tropicalis. C. maltosa
and C. tropicalis are the only members of this clade that can
ferment D-xylose (Lohmeier-Vogel et al., 1989; Lin et al., 2010).
Suh et al. (2008) suggested an association between plant-
feeding insects and Lodderomyces yeasts, based on the iso-
lation of C. tropicalis from an unidentified passalid (Panama);
C. parapsilosis from V. hageni and P. angulatus (Panama) and
C. maltosa from O. disjunctus (United States). The gut of Gua-
temalan passalids also was a source for yeasts in the Lodder-
omyces clade that are closely related to the X-F yeasts,
C. tropicalis and C. parapsilosis (Figs 3 and 4). Altogether, these
findings suggest that the C-F and X-F yeasts in the clades
Scheffersomyces, Spathaspora and Lodderomyces are common in
the gut of lignicolous insects, especially passalids.
Fig 4 e Saccharomycotina yeast lineages associated with the gut of Guatemalan passalids with emphasis on the family
Debaryomycetaceae in which most of the known X-F yeasts are classified. Maximum likelihood (ML) phylogenetic tree
based on SSU and LSU loci. Results of the cellobiose (C-F) and xylose-fermenting (X-F) assays are indicated. Outgroups are
shown in gray and strains isolated in this study are shown in bold. Final ML score: L16009.37.
Gut-inhabiting yeasts from Guatemalan beetles 347Other ascomycete lineages associated with the gut of
Guatemalan passalids
The gut of Guatemalan passalids was a source of several yeast
strains in the Sugiyamaella clade (79 isolates, approximately
10.25 %) (Fig 5), two Phaffomyces strains (Phaffomycetaceae)
(GenBank JN804920 and JN804921) and two SpencermartinsiellaFig 5 e Sugiyamaella species associated with the gut of Guatema
on LSU sequences. Note that most species isolated from passalid
and strains isolated in this study are shown in bold. Final ML sstrains, all classified in Trichomonascaceae (Peter et al., 2011)
(GenBank JN805442 and JN805443).
This study provides the first report of Phaffomyces species
from the gut of wood-feeding beetles. Four yeast species in
this genus previously were found in association with cacto-
philic Drosophila and necrotic wounds in cereoid cacti from
Australia, North America and the Antilles (Kurtzman et al.,lan passalids. Maximum likelihood phylogenetic tree based
s occur in a distinctive clade. Outgroups are shown in gray
core: L3362.45.
348 H. Urbina et al.2011). In addition to their ability to grow on lactate and suc-
cinate the use of ethanol as a sole carbon source is another
physiological trait shared by all Phaffomyces species. Use of
ethanol might be associated with a natural environment rich
in this compound, such as the gut of insects where fermen-
tations are carried out by symbiotic gut microbiota.
The Sugiyamaella clade is composed of 17 cosmopolitan
species mainly isolated previously from softwood and hard-
wood trees and insects in the United States, Chile and Japan
(Kurtzman, 2007; Houseknecht et al., 2011; Urbina et al., 2013)
(Fig 5). The occurrence of members of this clade in the gut of
lignicolous insects was confirmed previously bymetagenomic
studies (GenBank AY390773 and AY390774) (Zhang et al., 2003)
and classical microbiological studies performed on long-
horned beetles (Cerambycidae) (Grunwald et al., 2010), lig-
nicolous insects (Houseknecht et al., 2011) and wood-roaches
(Cryptocercus sp.) (Urbina et al., 2013).
In terms of physiological profiles, the Sugiyamaella mem-
bers all assimilate D-xylose and L- and D-arabinose, although
they are not able to ferment xylose (Kurtzman et al., 2011). In
common with other members of this clade, the undescribed
species of Sugiyamaella isolated from the gut of Guatemalan
passalids did not ferment xylose (data not shown). The
Sugiyamaella yeasts found in association with the Guatemalan
passalids were related to Sugiyamaella americana and S. bull-
runensis, previously isolated from frass of insects that feed on
dead wood in the United States (Houseknecht et al., 2011)
(Fig 5). The undescribed Sugiyamaella species isolated in Gua-
temala were associated exclusively with passalids in the
subfamily Proculinae; although we isolated more than 164
yeast strains (w21 %) from passalids in the subfamily Passa-
linae, Sugiyamaella species were never present (Fig 3).
A key difference among passalids in Passalinae and Procu-
linae is their habitat. Beetles in Proculinae colonize rotted
sapwood and heartwood, while members of Passalinae gen-
erally occupy a position just beneath the loose outer bark
(Reyes-Castillo, 1970; Castillo and Lobo, 2004). The habitat
difference also is reflected in the external morphology of the
speciesbecausemembersof Proculinaepossessbodies that are
ovoid and Passalinae have flattened bodies in cross section
(Castillo and Lobo, 2004). The shift in habitat is possibly a
consequence of the feeding behavior andmighthelp to explain
the absence of Sugiyamaella in passalines (Fig 3). Houseknecht
et al. (2011) showed a similar association based on the occa-
sional presence of S. bullrunensis in the gut of O. disjunctus,
anotherproculine species; they alsomentioned that additional
broad-scale samplings will be necessary to clarify the eco-
logical relationships between Sugiyamaella and xylophagous
insects. Overall, the occasional presence of Phaffomyces, Spen-
cermartinsiella and Sugiyamaella in the gut of Guatemalan pas-
salids may be attributable to geographical variation and/or
substrate preferences of the passalid hosts of the yeasts. It is
also important tonote that rareyeastsmaynot colonize thegut
but could be obtained occasionally from the substrate.
Basidiomycete yeasts associated with the gut of Guatemalan
passalids
Species of basidiomycete yeasts in Cryptococcus and Tricho-
sporon (Tremellomycetes, Agaricomycotina) were foundconsistently in the gut of Guatemalan passalids (60 isolates,
0.8 %) (Figs 3 and 6). In culture these basidiomycete yeasts
exhibit a farinose colony morphology, which makes them
easy to distinguish from other yeasts, a reason why we were
able to obtain several isolates of the rare taxa. Recent studies
have focused on the description and characterization of Tri-
chosporon species in association with insects (Middelhoven
et al., 2004; Molnar et al., 2004; Nakase et al., 2006; Fuentefria
et al., 2008; Pagnocca et al., 2010; Gujjari et al., 2011). Specifi-
cally, Trichosporon scarabaeorum (Middelhoven et al., 2004),
T. insectorum (Fuentefria et al., 2008) and T. xylopini (Gujjari
et al., 2011) were first found associated with wood-feeding
insects, and Trichosporon siamense and Cryptococcus humicola
were isolated from the gut of passalids (O. disjunctus, P. inter-
stitialis, Passalus punctiger and V. hageni) (Meredith Blackwell
and Sung-Oui Suh, unpublished data).
The abilities to decompose and utilize wood components
(e.g. cellulose and xylan) are characteristics of several Tricho-
sporon species. The association of Trichosporon yeasts with soil
plant debris and the gut of lignicolous insects supports
a hypothesis that the yeasts may play a fundamental role in
the decomposition and recycling of wood components in the
ecosystem (Berkov et al., 2007; Gujjari et al., 2011). Basidio-
mycete yeasts in Cryptococcus and Trichosporon, therefore, may
be involved in the decomposition of wood components, the
feeding substrate of passalids.
Comparison of yeast diversity within gut regions
The X-F S. shehatae was always recovered from the three gut
regions in the majority of the beetles studied. Although
S. shehatae and other yeast species could be isolated from all
gut regions (e.g. Fig 7), yeast diversity tended to increase in the
PHG. No statistical difference, however, was found in species
richness between gut regions and among passalid individuals
(Chi-squared values: FeM¼ 3.36, P¼ 0.76; AHG¼ 7.62, P¼ 0.27;
PHG ¼ 3.43, P ¼ 0.91) nor passalid species (Chi-squared values:
FeM¼ 2.80, P¼ 0.83; AHG¼ 5.53, P¼ 0.48; PHG¼ 7.60, P¼ 0.47).
Previous studies have reported that S. stipitis is capable of
colonizing the PHG of O. disjunctus with filamentous growth
attached by a holdfast (Lichtwardt et al., 1999; Suh et al.,
2004b; Nardi et al., 2006), but it is not known if other yeast
species have similar stages within the guts. The results sug-
gesting that the species composition of the yeasts inhabiting
the gut of passalids was the same in all the gut compartments
was unexpected given the restricted PHG attachment of O.
disjunctus. It is clear, however, that gut-inhabiting yeastsmust
possess adaptations that allow them to survive conditions
present in the different gut regions, including low O2 avail-
ability in the anterior hindgut and dramatic changes in pH, to
colonize the PHG.
Symbiotic yeasts can survive various physiological con-
ditions in the interior of the insect gut as they travel from the
mouth to the site of colonization. In addition to the observa-
tions on the colonization of the PHG by S. stipitis, we know
something about other xylophagous beetles that contain
related X-F yeasts: (1) S. shehatae and Candida rhagii arrive at
mycetosomes off the gut of the xylophagous beetles Rhagium
inquisitor and Leptura rubra (Cerambycidae) (Grunwald et al.,
2010); (2) yeasts were consistently isolated from the frass of
Fig 6 e Cryptococcus and Trichosporon species isolated from the gut of Guatemalan passalids. Maximum likelihood
phylogenetic tree based on LSU sequences using Cryptotrichoasporon anacardii as an outgroup shown in gray and strains
isolated in this study are shown in bold. Final ML score: L3671.43.
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Fig 7 e Percentage of yeasts present in each gut region (FeM, Foreemidgut; AHG, anterior hindgut; PHG, posterior hindgut) of
three passalid species: (A) O. sargi, (B) C. debilis and (C) C. purulensis. Notice that the X-F yeast S. shehataewas always present
in all gut compartments. Other beetles showed the same pattern (data not shown). Total numbers of yeast isolates are
indicated at the upper left corner of each column.
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Fig 9 eWhittaker rank abundance curve. Forty-seven yeast
species (57 % of the total yeast species richness) were
recovered from single passalids.
Gut-inhabiting yeasts from Guatemalan beetles 351wood-feeding beetles [(e.g. Candida endomychidarum, Yamada-
zyma clade) from cerambycid beetles (Calderon and Berkov,
2012); Candida thailandica and Scheffersomyces lignicola from an
undescribed insect (Jindamorakot et al., 2007)]; and (3) the
behavior in which adults and larval passalids require feeding
on pre-digested wood and frass coating their galleries (Reyes-
Castillo, 1970; Boucher, 2005) to ensure horizontal transfer of
microbes from parents to descendants. Yeasts also are able to
survive external environmental conditions within the frass
and wood (Cadete et al., 2009; Calderon and Berkov, 2012;
Urbina and Blackwell, 2012). Additional studies, focused on
the characterization of gut-inhabiting yeasts from lignicolous
insects, could intensify the yeast sampling effort to include
more host individuals by reducing the number of gut parts to
be sampled and by concentrating on the PHG region colonized
almost exclusively by yeasts, increasing the likelihood of
selection of rare yeasts.
Manyyears agogutmorphologywassuggestedasapotential
phylogenetically informative character in passalids (Reyes-
Castillo, 1970). More recently, a hypothesis of evolutionary
relationships among passalids was proposed based on gut
morphology (Fonseca et al., 2011). The latter studydescribed the
AHG of Aulacocyclinae members as having none or few fer-
mentation chambers and postulated the evolutionary changes
including overall enlargement of the gut and addition of several
fermentation chambers in members of the subfamilies Passa-
linae and Proculinae. Evidence for this is the microbial compo-
sition, primarily bacteria andarchaea, in theAHG, fermentation
of sugars and polymers from the substrate occurs in that com-
partment (Nardi et al., 2006; Huang et al., 2010; Ceja-Navarro
et al., 2013). The evolutionary trend of the AHG from simple to
complex may have been driven by the incorporation of a
diversity ofmicrobes to increase the breakdown and utilization
of the polymers and sugars from wood. This hypothesis, how-
ever, has not been tested explicitly.Comparison of the gut yeast community among host species
The yeast sampling recovered only 56 % of the estimated
species richness (Fig 8 and 9). Based on the rarefaction curve,
approximately 150 yeast species were predicted to occur inFig 8 e Rarefaction curve by yeast species and beetle
individual using a species richnessmatrix (list of increased
rate at the beginning of the collection (a[ 3.793) and curve
shape value (b [ 0.029), R2 [ 0.998).association with the 16 passalid species collected in Guate-
mala with an average number of 20 yeast species per host
species (Table 3). An estimated 19 individual passalid species
should be expected to yield 95 % of the total yeast species
richness with a predicted 30 yeast species per host (Table 3).
By extrapolation, based on an estimated worldwide total of
960 passalid species (Schuster, 2006), the yeast species rich-
ness should approach 6 500 species. If there is any degree of
host specificity, these data imply that the yeast diversity of the
gut of lignicolous insects remains very poorly understood.
Host specificity, however, was not observed among the most
abundant species and is an important factor in estimation of
species richness that was not considered here.
Yeast species richness was influenced by the species of the
host and substrate (Table 3). Differences in yeast species
composition among individual beetles of the same species did
occur, however, due to occasional rare species isolated from
only one or two individuals (Fig 9). Based on the results of the
forward selection analysis, the variables that most affect the
yeast species richness are host length (R2 ¼ 0.083, P ¼ 0.0017)
and host species (R2 ¼ 0.063, P ¼ 0.015), but these variables
explain only 15 % of the variance. The lack of explanatory
power for the variables used could be attributed to the fact that
all beetles studiedwere adults that feed on rotten hardwoods in
the same localities and sometimes in the same log, increasing
the chance of horizontal transmission of the same symbionts.
Therefore, other factors, not measured in this study may have
strong influence on yeast species variation, such as the broad
range of decomposing substrates in which passalids feed.
Besides rotting hardwoods, certain passalids are able to feed on
rotting monocotyledonous angiosperms (palms) and, less fre-
quently, gymnosperms (conifers); P. angulatus lives in the dis-
posal waste chambers of Atta ants (Castillo and Lobo, 2004;
Schuster, 2006). Although we noticed a preference for dead
white-rotted hardwoods, some species were collected inhab-
iting only recently dead logs and other species, only in logs in
an advanced stage of decomposition; the depletion and con-
centration of components in decayed wood varies during the
decomposition process depending on the decomposer organ-
isms (Kirk and Cowling, 1984). In addition ontogeny of the
352 H. Urbina et al.insects during metamorphosis from larvae to adults provides
new,more complex cuticular landscapes in the gut (Nardi et al.,
2006), increasing the chance of a concomitant change in
microbiota. These results will help to refine further studies in
order to understand what factors have strong influence on the
gut-inhabiting yeast communities.
The results presented here are in agreement with previous
studies focused on the characterization of the yeasts present
in the gut of the temperate North American passalid, O. dis-
junctus, and a few other passalid species. Most studies indicate
that the yeast clades found in association with O. disjunctus
(Cryptococcus, Kazachstania, Scheffersomyces, Spathaspora,
Sugiyamaella and Trichosporon) have similar associations
among Guatemalan passalids (Zhang et al., 2003; Suh et al.,
2004b; Nardi et al., 2006; Gujjari et al., 2011; Houseknecht
et al., 2011; Suh and Zhou, 2011). The one exception was
members of the Kazachstania clade, which were not isolated
from Guatemalan passalids, and yeasts in the Phaffomyces and
Spencermartinsiella clades, which were found only in associa-
tion with Guatemalan passalids.
Importance of the yeast gut community in the host biology
The diversity of gut-inhabiting bacteria from certain wood-
feeding insects such as termites and roaches is well known,
and the morphological characterization of the symbiotic
relationships shows a close connection between host and
bacterial cells. The associations between fungi and insects are
less well known, but some studies suggest that digestive
enzymes and other microbial products (e.g., essential amino
acids, vitamins and sterols) provided by yeasts are essential to
the insect host (Suh et al., 2001, 2003; Vega and Dowd, 2005).
Yeasts alsomay play an important role in the detoxification of
plant metabolites in the diet of the hosts, and fermentation in
the gut may increase the nutritional quality of the insect food
materials (Steinkraus, 1994). The microbial decomposition of
cellulose provides intermediate products such as cellobiose
and glucose that can be directly used by the host insect or
further used as substrate for fermentation by yeasts. During
alcoholic fermentations O2 is consumed and CO2 is produced
enhancing an anaerobic environment for the bacterial com-
munity. The expression of fungal xylanases in the gut of
wood-feeding insects has been used as evidence to support
that the decomposition of wood polymers is carried outwithin
the insect gut by fungi (Brennan et al., 2004).
The degree to which passalids benefit from the associa-
tion with yeasts, however, is not clear because studies of gut
absorbance in a variety of insects have indicated that uptake
from the posterior part of the hindgut is limited to water and
some salts (Gullan and Cranston, 2005). S. stipitis has been
observed attached only to the PHG cuticle (Lichtwardt et al.,
1999; Nardi et al., 2006); although it is assumed to be meta-
bolically active in this location, this and other yeast species
occur in all gut compartments where their metabolic activity
is not known (Fig 7). Perhaps yeasts benefit preferentially
from the association in which they “come in from the cold” to
enjoy an environment rich in organic compounds as poten-
tial nutrients; in addition the yeasts likely acquire an
increased dispersal range and a protected habitat (Vega and
Dowd, 2005).Future prospects
The consistent and dominant presence of the X-F yeasts
S. shehatae and S. stipitis and the poor morphological differ-
ences among yeast colonies hinder the study of the total
diversity of gut-inhabiting yeasts by classic microbiological
techniques. Our yeast sampling methodology allowed for
the isolation and identification of gut-inhabiting yeasts by
exhaustively selecting yeast colonies using passalid individ-
uals as sampling units. We isolated several undescribed spe-
cies, which will inform the phylogenetic relationships of
yeasts. The application of next-generation sequencing in the
future will increase accuracy in the estimation, comparison
and dynamics of the gut-inhabiting yeasts associated with
wood-feeding beetles, although such studies will not provide
the cultures that are indispensable for our understanding of
the phylogenetic relationship among yeasts.
Xylose-fermenting yeasts may have great potential in the
biotechnology industry due to their ability to decompose and
ferment wood components, so by using selective media con-
taining a pentose sugar (e.g. xylose, ribose, etc.) as a sole
source of carbon and energy, could help to increase the
chance of isolation of yeasts that efficiently decompose cer-
tain pentoses. The application of this methodology among
passalids present in Africa, Asia and Australia, and across
different families of lignicolous beetles would help to eluci-
date the dynamics of yeast composition associated with
wood-feeding arthropods. The isolation of several strains of
the same species from different hosts would provide a generic
resource that can be used for the study of genetic variation
among yeasts.
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